Motion vision is important in guiding animal behavior. Both the retina and the visual cortex 15 process object motion in largely unbiased fashion: all directions are represented at all 16 locations in the visual field. We investigate motion processing in the superior colliculus of 17 the awake mouse, by optically recording neural responses across both hemispheres. Within 18 the retinotopic map, one finds large regions of ~500 μm size where neurons prefer the same 19 direction of motion. This preference is maintained in depth to ~350 μm. The scale of these 20 patches, ~30 deg of visual angle, is much coarser than the animal's visual resolution. A 21 global map of motion direction shows approximate symmetry between the left and right 22 hemispheres and a net bias for upward-nasal motion in the upper visual field. Unlike other 23 parts of the early visual system, the superior colliculus develops a locally biased 24 representation of object motion. 25 26 3 Introduction 27
8 behind the animal, outside of the visual field ( Fig. 6a, Supplementary Fig. 5, see Methods) . 143 In the following, we will use these unipolar coordinates for large-scale maps of the mouse 144 visual field. 145 For the sample recording of Fig. 5c we mapped the receptive fields and preferred 146 directions of all neurons into visual space (Fig. 6b ). As predicted, the preferred direction 147 varies with location in the visual field. Patches of approximately constant bias, ranging 148 from 10° to 40° in size, are separated by regions with sharp changes. The gradient of 149 preferred direction varies across the visual space. Wide-field imaging performed across 150 both sides of the brain confirmed the patchy organization and the net bias for upward 151 motion. Furthermore, neurons representing the left and right visual fields appear to prefer 152 mirror-symmetric directions ( Fig. 6c, Supplementary Fig. 6 ). 153 To identify the systematic aspects of direction-sensitivity, we analyzed these global 154 maps across many animals. The simplest overarching feature is the overall bias for certain 155 directions of motion, slightly nasal of upward, which is mirror-symmetric across the two 156 sides of the visual field ( Fig. 7a ). To quantify the size of the patches of constant direction, 10 several 100 µm to form columns of preferred direction (Fig. 3 ). For neurons that are 188 selective both for direction and orientation, the preferred direction is orthogonal to the 189 preferred orientation (Fig. 4) . Large-scale wide-field imaging revealed a global map of 190 preferred direction with coarse symmetry between two sides of the superior colliculus and 191 a strong bias for upward-nasal motion in the upper visual field . Here, we briefly 192 discuss these conclusions and their implications.
193
Relation to prior work 194 Some of the features reported here have been described before: For example, de 195 Malmazet et al 18 report that nearby neurons in certain regions of the retinotopic map tend 196 to prefer the same direction of motion, and that this local preference also extends in depth.
197
There has been controversy on those points 17, 19 , but our results reliably confirm the 198 observation of a local direction bias. Building on this prior work, we here present a global 199 analysis of direction coding in the SC. We extend the measurements to a larger visual field, 200 especially in the superior elevations ignored in previous studies. We also record from both 201 sides of the brain, covering almost the entire surface of the SC accessible from above. We 202 established that the global map consists of multiple iso-direction patches and measured 203 their size. Furthermore, we assessed the symmetry of these patches across the two sides of 204 the SC and evaluated how the global direction map interacts with the global optic flow 205 fields that result from locomotion during natural behavior.
206
Our results differ from prior claims on the topic of orientation tuning and how it relates 207 to direction tuning. The present observation that preferred orientation systematically lies 208 perpendicular to the preferred direction is consistent with the relationship reported in 209 neurons of the visual cortex 5, 6, 22 . This contrasts with a prior report 18 which argued that 210 11 direction maps and orientation maps in mouse superior colliculus are independent. That 211 conclusion may have been affected by the choice of stimuli, which precluded an 212 independent measurement of orientation and direction tuning in the same neuron 213 ( Supplementary Fig. 9 ). In the present study, tuning to line orientation vs object motion 214 was assessed by different stimulus probes.
215
Functional anatomy in different species 216 The functional organization of visual processing has been reported in the brains of 217 many species. The visual cortex of cat 10 , monkey 6 , and ferret 5 shows a functional map,
218
where a neuron's response features -such as preferred orientation and direction -depend 219 systematically on its location in the brain. In the rodent cortex there is less organization, 220 and neurons preferring different orientations are intermingled in a "salt-and-pepper" 221 pattern. Despite this difference, the common point is that neurons of all preferred 222 orientations (or directions) are represented within a visual region smaller than the receptive 223 field of a single neuron. In the primary visual cortex (V1) of the monkey, the orientation 224 columns measure about 0.1° on average, only one-tenth of the receptive field size 25 . In V1 225 of the tree shrew, all orientations are represented within a 4° visual angle, again smaller 226 than the average receptive field size 9 . By contrast, in the mouse superior colliculus, the 227 patches with uniform preferred orientation span ~30°, which greatly exceeds the RF size 228 of ~10°1 7 , or the visual acuity of 2°1 5 . The results reported here show that the representation 229 of object motion in the superior colliculus is similarly dominated by such local biases. An
230
intriguing new feature is that the iso-direction patches contain a minority of neurons tuned 231 to the diametrically opposite direction ( Fig. 2i ,j,k,l). It will be important to understand the 232 relationship of these two neural populations within the local circuitry. associated with defensive reactions 33,34 , one may speculate that the direction tuning is 257 adapted to those functions. Indeed, we found that the global pattern of preferred direction 258 across the visual field aligns with the motion vectors that would be produced by an aerial 259 predator approaching from the horizon.
260
In addition, the global bias in the upper visual field also predicts a selectivity for 261 certain optic flows produced by self-motion. For example, the superior colliculus as a 262 whole should respond more strongly to forward motion of the animal than to backward 263 motion, whereas horizontal turns left or right should produce excess activity in the right 264 and left colliculus respectively. Such strong global signals may play a role in rapid 265 feedback during the control of locomotion.
266
The other characteristic scale of the direction architecture is the size of smaller patches 267 that deviate from the average tuning, measuring ~30° of visual angle. The meaning of these 268 specializations is harder to discern. The effects are substantial: For a direction-selective 269 neuron in such a patch, the median ratio between preferred and null direction response is 270 about 2.2. Thus, differently tuned patches may differ by a factor of 4 in their relative 271 response to two moving objects. This should produce noticeable regional gradients in the 272 animal's perceptual sensitivity to motion, a prediction to be tested in future experiments. Unipolar Coordinates. We introduce this coordinate system to avoid the singularities 281 occurring at the poles of spherical coordinates. Suppose the observer sits at the origin of a
282
Cartesian system facing in the z-direction (Fig. 6a ). The horizontal plane is ( , )
x z and the Note the only singular point of the unipolar system is directly behind the observer at 289 ( )
. The transformation from spherical coordinates to unipolar coordinates is: 290 cos sin sin 2 arctan , 2 arctan 1 cos cos 1 cos cos
The direction of motion on the sphere in unipolar coordinates is defined as where dα and d β are increments of motion along α and β respectively. GCaMP6 (AAV2/1.hSyn1.GCaMP6f.WPRE.SV40) into the SC of wild-type mice or the SC of partial cortex mutant mice. After 2-3 weeks, we implanted a cranial window coupled 317 to a transparent silicone plug that rested on the surface of the SC and exposed its 318 caudomedial portion. This portion of the SC corresponds to the up-temporal part of the 319 visual field. The optics remained clear for several months, which enabled long-term 320 monitoring of the same neurons. Two-photon microscopy was applied to image calcium 321 signals in the SC of head-fixed awake mice 3 weeks to 2 months after viral injection. and removing contamination from surrounding neuropil signals as described previously 15, 38 .
339 15-s window centered on each frame 39 .
341
Two criteria were applied to interpret ROIs as neurons: 1) The size of ROI was limited 342 to 10 -20 µm to match the size of a neuron; 2) ROIs with a signal-to-noise ratio (SNR) 343 smaller than 0.4 were discarded from further analysis 40 .
344
[ ] where the baseline is derived from a 0.5-s period prior to stimulation.
351
To quantify the tuning of a neuron to motion direction, we computed the preferred The artificial random arrangement of preferred direction (Fig. 2m) where L is the maximized likelihood, M is the number of parameters in the model, and
381
N is the number of neurons.
382
The center of the receptive field (RF) of each neuron was calculated based on the calculated from moving bar responses as described above.
397
To measure the size of direction-tuned patches in a direction map, we calculated the 
For every possible shift vector y, this computes the normalized dot product of one map with 406 the shifted version of the other map. We averaged this correlation map over all shift vectors 407 of the same distance y r = to obtain a radial profile ( ) C r . The full width at half maximum 408 (FWHM) of the correlation map (Fig. 7b) orientation-selectivity. Polar plot shows peak response to dots (blue) and gratings (red).
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Here the preferred direction and orientation differ by 86°. b, Overlay of maps for preferred 30 direction (arrows) and orientation (lines) in a sample field of view, displayed as in Fig. 2a . 
